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I - EMERGING ALLOY TRENDS 
Background 
I t h i n k  t h a t  a s  w e  examine t h e  emerging t r e n d s  f o r  h igh  s t r e n g t h  
r e f r a c t o r y  metal  a l l o y s ,  it is u s e f u l  t o  keep some of t h e  background 
i n  mind. A po r t ion  of t h i s  development i n  t h e  United S t a t e s  was 
based on g u i d e l i n e s  s e t  up by t h e  Mate r i a l s  Advisory Board Refrac tory  
Sheet Ro l l ing  Panel (1). 
t i o n s  of t h e  c u r r e n t  s t a t e  of t h e  a r t  l e a d s  t o  t h e  fo l lowing  con- 
cepts .  (Some of t h e s e  thoughts  a r e  descr ibed  i n  more d e t a i l  i n  
r e fe rence  2 ,  pages 24 t o  33, copy enclosed.)  
Group VIA Metal A l l o y s  
Molybdenum and tungs t en  - Alloys have been sought t o  have the following: 
Combining those  g u i d e l i n e s  wi th  observa: 
1. High s t r e n g t h  a t  h igh  tempera tures ,  b u t  t h e  emphasis i n  e a r l y  
developments was on short- t ime t e n s i l e  and rup tu re  s t r e n g t h s .  
2. Room temperature  d u c t i l i t y  i n  t h e  as-welded condi t ion  was . 
n o t  expected f o r  e i t h e r  system and was n o t  achieved. 
3. Molybdenum a l l o y s  were expected t o  have a d u c t i l e - b r i t t l e  
t r a n s i t i o n  temperature  (DBTT) below room temperature  i n  t h e  
"as-produced" cond i t ion  -- and t h i s  was achieved. 
4. Tungsten a l l o y s  of h igh  s t r e n g t h  (and high r e c r y s t a l l i z a -  
t i o n  temperature) were sought w i th  minimum DBTT, b u t  a DBTT 
below room temperature  was n o t  expected. 
Tungsten a l l o y s  r e t a i n i n g  t h e  h igh  mel t ing  poin t  of tungs ten  
and modest s t r e n g t h  bu t  w i t h  DBTT below room temperature  
5. 
were sought.  
Chromium a l l o y s  - The t a r g e t  here  has  been t o  i d e n t i f y  compositions 
wi th  a s i g n i f i c a n t  use-temperature advantage over  t h e  supe ra l loys  of 
n i c k e l  and c o b a l t  base  f o r  use i n  a i r  (or  a i r  b r e a t h i n g  engines) .  A 
DBTT below room temperature  is d e s i r e d  and, most important ,  t h e  DBTT 
of t h e  a l l o y  must n o t  be r a i s e d  apprec iab ly  when exposed t o  a i r  ( n i t r i -  
f i c a t i o n )  a t  t h e  s e r v i c e  tempera tures  o r  a coa t ing  system must be 
found t o  i n h i b i t  n i t r i f i c a t i o n ,  
f 
2 '  
Tantalum and columbium - Alloys  i n  t h e s e  systems have been sought  t h a t  
w i l l :  
1. For s h e e t  and t u b i n g  a p p l i c a t i o n s :  Be of maximum p o s s i b l e  
s t r e n g t h  a t  h i g h e s t  t empera tures  p o s s i b l e  y e t  h i g h l y  f a b r i -  
cab le  and w i t h  DBTT w e l l  below room tempera ture  and d u c t i l e  
when welded a t  room temperature ,  
over  molybdenum a l l o y s . )  
t i m e  a p p l i c a t i o n s  (e.g., re -en t ry) .  For space power sys-  
tems t h e s e  a l l o y s  a r e  needed i n  t u b i n g  form wi th  good c reep  
r e s i s t a n c e  a t  s t r e s s  l e v e l s  of nea r  5000 p s i  b u t  f o r  l i f e -  
times of  g r e a t e r  t h a n  10,000 hours. 
(To provide an advantage 
Ea r ly  developments were f o r  s h o r t  
2. For f o r g i n g  app l i ca t ions :  Be of  maximum p o s s i b l e  s t r e n g t h  
compatible w i t h  good w o r k a b i l i t y  ( i n t o  b a r  and fo rg ings )  
and wi th  a DBTT below room tempera ture ,  
S t a t u s  
The summary of t h e s e  developments, a s  I saw it, is  aga in  i n  ref- 
e rence  2 ,  pages 40 t o  50, b u t  I have reproduced and updated some of 
t h e s e  f i g u r e s .  I have no t  included a l l  a l l o y s  b u t  r a t h e r  t h e  b e t t e r  
a l l o y s  i n  each system, (My apologies  t o  t h o s e  whose ou t s t and ing  
a l l o y s  a r e  no t  s p e c i f i c a l l y  mentioned.) 
From a comparison of t h e  p r o p e r t i e s  (F igures  1 t~ 5 i n c l u s i v e )  
and compositions (Figure 3) of  t h e  a l l o y s  on t h e s e  f i g u r e s  t h e  follow- 
i n g  ve ry  gene ra l i zed  comments fol low: 
Group VA 
Tantalum and columbium a l l o y s  - The s t r e n g t h e n i n g  is achieved by t h e  
a d d i t i o n  of a higher-modulus, higher-melt ing po in t  V I A  metal  (W o r  
Mo) p l u s  a Group IVA metal  (Hf o r  Zr)  as a ca rb ide  former,  p lus  
carbon. The "highly f a b r i c a b l e "  weld-duct i le  a l l o y s  ( represented  
by Cb-(1) and Ta-T222) a r e  , l imi t ed  t o  about  10 weight pe rcen t  W, The 
h ighe r  modulus, h ighe r  me l t ing  po in t  tan ta lum a l l o y s  have a s t r e n g t h  
tempera ture  advantage oger  t h e  columbium a l l o y s  of s i m i l a r  a l l o y  
content.  
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The h ighe r - s t r eng th  f o r g e a b l e  a l l o y s  r ep resen ted  by t h e  Cb(2) 
a l l o y s  a r e  achieved by f u r t h e r  r a i s i n g  t h e  a l l o y  a d d i t i o n s ,  p a r t i c -  
u l a r l y  W, t o  t h e  22  t o  28 percent  l e v e l .  
Group VIA 
Molybdenum and tungs t en  - The s t r e n g t h e n i n g  h e r e  is achieved by ad- 
d i t i o n s  of Group IVA meta ls  p lus  carbon. High s t r e n g t h  molybdenum 
a l l o y s  a r e  d u c t i l e  a t  room temperature .  High s t r e n g t h  tungs t en  
a l l o y s  a r e  not .  
An ou t s t and iqg  oxide  d igpers ion-s t rengthened  tungs t en  m a t e r i a l  
has  been syn thes i zed  by S e l l  and King ( r e f .  3 ) .  Although weaker than  
t h e  arc-melted W-Hf-C a l l o y  ( con ta in ing  a d i spe r sed  HfFC phase) a t  tem- 
p e r a t u r e s  of 3500' F (1925O C), it may have an advantage a t  tempera- 
t u r e s  nea r  o r  g r e a t e r  t han  4400' F (2425O C) where H f C  goes i n t o  so lu-  
t i o n .  A t  t empera tures  near  0 - 8  of t h e  mel t ing  poin t  of t ungs t en  t h i s  
W-Th02 a l l o y  is  r epor t ed  t o  have about  f o u r  times t h e  s t r e n g t h  of un- 
a l loyed  t u n g s t e n  and a p p r o p r i a t e  W-Th02 a l l o y s  may r e t a i n  u s e f u l  
s t r e n g t h  t o  near  t h e  mel t ing  po in t  of Tho2 (5500O F o r  3025' C).  
Chromium - Here t h e  h i g h e s t  s t r e n g t h  ( represented  by t h e  Cr-Mo-Ta-C 
a l l o y )  has been achieved by t h e  a d d i t i o n  of o t h e r  r e f r a c t o r y  meta ls  
i n  s o l i d  s o l u t i o n  p lus  Group VA (or IVA) meta ls  and carbon o r  boron. 
(Good s t r e n g t h s  have been achieved i n  t h e  A u s t r a l i a n  a l l o y s  wi th  T i  
and S i  a d d i t i o n s  and wi thout  carbon o r  boron.)~,In a d d i t i o n  a d d i t i v e s  
a r e  used t h a t  w i l l  scavenge oxygen and/or n i t r o g e n ,  e.g. ,  Y. 
h i g h e s t  s t r e n g t h  a l l o y s  have a DBTT i n  t h e  Tras-producedrT cond i t ion  of 
300'-500' F. 
however, i s  t h a t ,  a l though b e t t e r  t han  unal loyed chromium, they  
absorb n i t r o g e n  from a i r  w i th  t h e  r e s u l t a n t  i n c r e a s e  i n  DBTT, This  
is i l l u s t r a t e d  f o r  a C r -  a l l o y  i n  F igu re  6. Unless t h i s  problem is  
so lved  by a c o a t i n g  o r  by a l l o y i n g ,  chromium a l l o y s  w i l l  n o t  f i n d  
wide useage, 
Ta because of  i nc reased  f a b r i c a b i l i t y  and d u c t i l i t y . )  
These 
The major problem wi th  a l l  of t h e s e  chromium a l l o y s ,  
( I n  i n e r t  atmospheres,  one would use a l l o y s  of Cb o r  
4 
S t r e n g t h  a s  a Funct ion of Melting Poin t  
F igu res  4 and 5 compare t h e  shor t - t ime t e n s i l e  and s t r e s s - r u p t u r e  
s t r e n g t h s ,  r e s p e c t i v e l y ,  on t h e  b a g i s  of homologous tempera ture  (of 7 
m. For f u r t h e r  comparison, t h e  s t r e n g t h  of a wrought 
s u p e r a l l o y  (U700) is  shown. These p l o t s  i n d i c a t e  t h a t  ou r  r e f r a c t o r y  
metal  a l l o y s  a r e  f a l l i n g  f a r  s h o r t  of our achievements i n  supe ra l loys .  
This might be expected on two grounds: f i rs t ,  h ighe r  s t r e n g t h  r e f r a c -  
t o r y  metal  a l l o y s  may be conso l ida t ed ,  b u t  f r e q u e n t l y  w e  a r e  no t  a b l e  
t o  f a b r i c a t e  them because of equipment l i m i t a t i o n s ,  and second, t h e  
n icke l -base  a l l o y s  have a face-centered-cubic  c r y s t a l  s t r u c t u r e ,  and 
theo ry  would s t a t e  t h a t  w e  may never  achieve  t h e  same s t r eng then ing  
i n  body-cente&deubic metal systems, 
FABRICATION LIMITATIONS 
P ro fes so r  Grant on page 1 5  ( l a s t  l i n e )  has  suggested t h a t  h ighe r  
s t r e n g t h s  may y e t  be achieved bu t  a boundary cond i t ion  is a b i l i t y  t o  
f a b r i c a t e  @hich o f t e n  i s  l i m i t e d  by equipment c a p a b i l i t y ) .  An i l l u s -  
t r a t i o n  of  what may be r equ i r ed  f o r  process ing  of ve ry  h igh  s t r e n g t h  
a l l o y s  i s  t h e  case of t h e  W-Hf-C a l l o y  shown i n  F igure  1. 
a l l o y  has  good s t r e n g t h  i n  t h e  worked cond i t ion ,  a h igh  r e c r y s t a l -  
l i z a t i o n  tempera ture ,  and i ts  s t r e n g t h  i s  improved by h e a t  t rea tment .  
The a l l o y  i s  extruded a t  4000° F (2200' C ) ,  swaged t o  b a r  s t o c k  a t  
3500° t o  3200' F (1925' t o  1760' C)  and r o l l e d  t o  s h e e t  a t  3200' F 
(1760' C). 
(near 4400' F ((2425' C ) )  . 
t r ea tmen t  a t  >4600° F (2535' C ) ,  fol lowed by ag ing  a t  2500' F (1370' 
C ) .  
l o a d s  on t h e  equipment a r e  n o t  unusual,  
This 
I ts  r e c r y s t a l l i z a t i o n  tempera ture  i s  >4200° F (2315O C)  
The h e a t  t r ea tmen t  involves  a s o l u t i o n  
Although unusual  tempera tures  a r e  r e q u i r e d  i n  process ing ,  t h e  
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Figure 6. - The rapid embrittlement of chromium alloy 
(C-207) upon exposure to  a i r  at h igh temperatures. 
11 - ALLOYING AND THE DUCTILE-BRITTLE TRANSITION TEMPERATURES 
The Group VA and VIA r e f r a c t o r y  metals  have a BCC c r y s t a l  s t r u c -  
t u r e  and e x h i b i t  t h e  c h a r a c t e r i s t i c  t r a n s i t i o n  from d u c t i l e  t o  b r i t t l e  
behavior  a s  t h e  t e s t i n g  temperature  is lowered. This  t r a n s i t i o n  
temperature  f o r  t h e  unalloyed VA metals  is w e l l  below room tempera- 
t u r e  b u t ,  unfor tuna te ly ,  f o r  t h e  unalloyed r e c r y s t a l l i z e d  VIA m e t a l s  
it is  nea r  room temperature  (MQ) o r  w e l l  above (Cr and W). Much of 
t h e  r e sea rch  i n  r e f r a c t o r y  metals  has  been concerned wi th  t h e  under- 
s t and ing  and t h e  cont&%l of t h e  t r a n s i t i o n  temperature.  I n  gene ra l ,  
t h e  t r a n s i t i o n  temperature  may be lowered 
(a) by an inc rease  i n  p u r i t y ,  p a r t i c u l a r l y  i n  regard t o  i n t e r -  
st it i a  Is 
(b) by co ld  work 
( e )  by f i n e  g r a i n  s ize  
(d) by a d i spe r sed  phase 
(e) 
Unfortunately t h e  t r a n s i t i o n  temperature  is r a i s e d  by 
(a) 
(b) many a l l o y i n g  a d d i t i o n s  t h a t  improve s t r e n g t h  
(c) increased  s t r a i n  r a t e .  
(Of major importance has  been t h e  r o l e  of i n t e r s t i t i a l s .  An 
i n  t h e  case  of Group VIA meta ls ,  by a l l o y i n g  wi th  Re.  
contamination wi th  i n t e r s t i t i a l s  dur ing  processing and use 
e x c e l l e n t  d i scuss ion  was presented by Hahn, Gilberx and J a f f e e  
( r e f .  1);) 
I n  r ecen t  yea r s  w e  have q d e r s t o o d  t h e  importance of t h e  i n t e r -  
s t i t i a l s ,  contamination, and processing t o  t h e  poin t  t h a t  a l l o y s  
wi th  good s t r e n g t h  and wi th  DBTT w e l l  below room temperature  have 
been developed f o r  Ta, Cb and Mo, I n  W and C r ,  however, p rogress  
has  n o t  been equa l ly  s a t i s f a c t o r y .  
Tungs t e n  
An important r e sea rch  a rea  of t h e  p a s t  f e w  yea r s  has  been t o  seek 
methods of achiev ing  improvements i n  tungs ten .  
s e v e r a l  yea r s  t h a t  s i n g l e  c r y s t a l s  of t ungs t en  a r e  very  d u c t i l e  a t  
It  has  been known f o r  
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room temperature ,  bu t  t h e  same m a t e r i a l  converted t o  p o l y c r y s t a l l i n e  
form is no t ,  excep t  when seve re ly  co ld  worked. 
of Union Carbide has  been s u c c e s s f u l  ( r e f ,  2) i n  producing s i n g l e  
c r y s t a l  tungs ten  s h e e t  t h a t  r e t a i n s  t h e  d u c t i l i t y  and s i n g l e  c r y s t a l  
form even a f t e r  r o l l i n g  and welding, Ce r t a in ly  t h i s  is a remarkable 
achievement, bu t  t o  d a t e  it has  been l i m i t e d  t o  l a b o r a t o r y  s t u d i e s  
on small samples. S tud ie s  t o  achieve u l t r a -h igh -pur i ty  po lyc rys t a l -  
l i n e  tungs t en  a s  a r o u t e  t o  d u c t i l i t y  a t  room temperature  have n o t  
been success fu l .  
The Linde Div is ion  
Stephens ( r e f .  3) has s t u d i e d  t h e  e f f e c t  of  oxygen and carbon, 
the  usua l  i n t e r s t i t i a l  i m p u r i t i e s ,  on t h e  DB'TT of  bo th  s i n g l e  c rys -  
t a l  and p o l y c r y s t a l l i n e  tungsten.  Addit ions of  e i t h e r  t o  h igh  
pu r f ty  p o l y c r y s t a l l i n e  tungs ten  produced a marked inc rease  i n  t h e  
DBTT bu t  a much sma l l e r  i n c r e a s e  t o  s i n g l e  c r y s t a l  tungsten.  Addi- 
t i o n  of oxygen t o  p o l y c r y s t a l l i n e  tungs t en  lowered bo th  t h e  u l t i -  
mate t e n s i l e  s t r e n g t h  and t h e  y i e l d  s t r e n g t h ,  b u t  had no measurable 
e f f e c t  on t h e  s t r e n g t h  p r o p e r t i e s  of s i n g l e  c r y s t a l  specimens. 
Carbon a d d i t i o n s  t o  both  p o l y c r y s t a l l i n e  and s i n g l e - c r y s t a l  s p e c i -  
mens d i d  no t  a f f e c t  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h ;  however, a l a r g e  
i n c r e a s e  i n  t h e  y i e l d  s t r e n g t h  r e s u l t e d ,  The r e s u l t s  sugges t  t h a t  
oxygen embri t t lement  i n  tungs ten  is caused by grain-boundary segre-  
ga t ion ,  whiLa carbon embri t t lement  r e s u l t s  from an i n t e r a c t i o n  be- 
tween carbon atoms and d i s l o c a t i o n s  wi th in  t h e  tungs t en  l a t t i c e .  
Some yea r s  ago it was r epor t ed  by Geach and Hughes (ref,  4) 
t h a t  an a l l o y  of tungs t en  wi th  25 percent  rhenium d i d  have a t r a n -  
s i t i o n  temperature  w e l l  below room temperature .  This  a l l o y  is  duc-" 
t i l e  i n  t h e  cold-worked form and may be d u c t i l e  i n  t h e  r e c r y s t a l -  
l i z e d  cond i t ion  i f  n o t  heated much above t h e  r e c r y s t a l l i z a t i o n  
temperature.  Rhenium, however, is more expensive t h a n  gold ,  and 
al though t h e  tungs t en  25 percent  rhenium a l l o y  may be  purchased 
commercially, t h e  c o s t  is $600 t o  $1000/lb. 
It has  been found t h a t  o t h e r  approaches a r e  f e a s i b l e ,  Pugh 
e t  a l ,  of  t h e  General Electr ic  Co. ( r e f .  5) showed t h a t  doped lamp 
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f i l amen t  tungs ten  when a l loyed  wi th  
metal lurgy process  would be d u c t i l e  
' y r e c r y s t a l l i z e d "  form bu t  only when 
3 percent rhenium by t h e  powder- 
i n  e i t h e r  t h e  cold-worked or 
drawn i n t o  s m a l l  diameter wire. 
When app l i ed  t o  s h e e t ,  t h e  process  d i d  n o t  r e s u l t  i n  d u c t i l i t y .  
Klopp e t  a 1  (ref. 6) found t h a t  an a l l o y  of tungs ten  wi th  2-9 pe r -  
c e n t  rhenium i n  b a r  and s h e e t  form prepared by electron-beam melting 
is  d u c t i l e  a t  room temperature  i n  t h e  cold-worked condi t ion .  They 
repor ted  DBTT's a s  low a s  -100' F. 
den t  on t h e  h igh-pur i ty  tungs t en  achieved by t h e  electron-beam- 
melting process  because s h e e t  prepared i n  t h e  same way bu t  a r c -  
melted is b r i t t l e  a t  room temperature .  
This achievement appears  depen- 
S t u d i e s  of t h e  mechanism a c t i n g  i n  t h e s e  cold-worked d i l u t e  
W-Re a l l o y s  have noted t h a t  i n  <loo> o r i e n t e d  s i n g l e  c r y s t a l s  (ref. 
7), Re a d d i t i o n s  up t o  9 percent  increased  t h e  p ropor t iona l  l i m i t  
s t r e s s ,  decreased t h e  flow s t r e s s  and t h e  r a t e  of work hardening, 
and changed, somewhat, t h e  planes of  favored  deformation. From a 
s tudy  of d i s l o c a t i o n  s t r u c t u r e s  i n  p o l y c r y s t a l l i n e  W-Re a l l o y s ,  
Stephens (ref. 8) sugges t s  t h a t  t h e  primary e f f e c t  of low rhenium 
concent ra t ions  ( 2  t o  9 percent)  i n  tungs ten  is t o  i n c r e a s e  d i s loca -  
t i o n  m u l t i p l i c a t i o n  a f t e r  macroyielding by reducing t h e  P e i e r l s -  
Nabarro f o r c e  ( l a t t i c e  r e s i s t a n c e  t o  d i s l o c a t i o n  motion). 
P a r t l c u l a r l y  important  i s  t h e  achievement of  room temperature  
d u c t i l i t y  i n  a l l o y s  of tungs ten  t h a t  have much h igher  s t r e n g t h  and 
r e c r y s t a l l i z a t i o n  temperature  t h a n  unal loyed tungs ten ,  
Maykutk e t  aE (refs. 9 ,  10) have prepared, by powder metal lurgy;  
an a l l o y  of doped tungs t en  p lus  5 percent  rhenium plus  2 .2  percent  
of d i spe r sed  phase, t h o r i a .  Thei r  da t a  sugges t  t h a t  t h i s  a l l o y  i n  
s h e e t  form may be d u c t i l e  i n  both  t h e  cold-worked and r e c r y s t a l l i z e d  
cond i t ion  i n  t e n s i o n  t e s t s  a t  room temperature  bu t  wi th  r e s t r i c t e d  
d u c t i l i t y  i n  bend t e s t s .  
It has  been ind ica t ed  t h a t  t h e  h i g h e s t  s t r e n g t h  tungs t en  a l l o y s  
conta in  smal l  amounts of ca rb ide  formers  and carbon, f o r  example, 
0 .5  percent  hafnium p l u s  0.02 percent  carbon. Friedman and Dickinson 
of Sylvania ,  Corp. have r e c e n t l y  found (ref. 11) t h a t  an a d d i t i o n  of 
3 t o  5 percent rhenium i n  t h e i r  powder-metallurgy-produced v e r s i o n  
of t h i s  a l l o y  w i l l  r esu l t  i n  room-temperature d u c t i l i t y  i n  t h e  cold- 
worked condi t ion .  Although t h e  pre l iminary  d a t a  i n d i c a t e  t h a t  t h i s  
a l l o y  may be b r i t t l e  when r e c r y s t a l l i z e d ,  t h e  a l l o y  has  a r e l a t i v e l y  
h igh  r e c r y s t a l l i z a t i o n  temperature  of 3300' F. 
Chromium 
Large a d d i t i o n s  (65 w/o) of rhenium t o  chromium lowers t h e  DBTT 
(ref  1 2 )  bu t  t h e  b e n e f i t s  of  2 t o  9 percent  Re  noted i n  t h e  case of 
t ungs t en  have n o t  been observed f o r  chromium. The importance of 
'Vying upTp n i t rogen  end oar  by a l l o y i n g  has  been demonstrated 
(ref. e13]a, 8 S o l i d  s o l u t i o n  a l l o y i n g  a d d i t i o n s  t o  improve 
s t r e n g t h  g e n e r a l l y  r a i s e  t h e  DBTT of  h igh  p u r i t y  chromium and amounts 
of t h e s e  a l l o y i n g  a d d i t i o n s  t h a t  proyide a s i g n i f i c a n t  advantage over 
supe ra l loys  seem t o  r e s u l t  i n  a DBTT g r e a t e r  than  room temperature .  
Research d i r e c t e d  toward improved s t r e n g t h  i n  chromium, compar- 
ab le  t o  Cr-MTC ( see  Emerging Trends),  bu t  wi th  a DBTT below room 
temperature  should cont inue.  Perhaps more emphasis should be placed 
on s t r eng then ing  by d i spe r sed  p a r t i c l e s .  
The d e s i r e  t o  use chromium a l l o y s  i n  air, a s  improvements t o  
supe ra l loys ,  imposes t h e  most important problem wi th  chromium. Ex- 
posure of a l l  known a l l o y s  t o  a i r  a t  t h e  intended s e r v i c e  tempera- 
t u r e s  r a i s e s  t h e  DBTT a t  a very  r a p i d  r a t e  and, wi th  t i m e ,  t h e  DBTT 
w f l l  approach the  use temperature .  So lu t ions  t o  t h i s  problem through 
a l l o y i n g  o r  c o a t h g  a r e  needed. 
Improved D u c t i l i t y  w i th  Dispers ions  
It is accepted t h a t  proper ly  d i s t r i b u t e d  p a r t i c l e s  may r e t a i n  
s t r e n g t h  t o  h ighe r  temperatures .  Some evidence can be presented t o  
sugges t  t h e  i n t r i g u i n g  p o s s i b i l i t y  t h a t  p a r t i c l e s ,  i b y o p e r l y  d i s -  
t r i b u t e d ,  can improve d u c t i l i t y ,  Rosenfield and Hah have conducted 
an a n a l y s i s  of t h e  effect  of  second-phase p a r t i c l e s  on d u c t i l i t y  and 
present  arguments t h a t  sugges t  t h a t  under some cond i t ions  d u c t i l i t y  
can be improved, and DBTT lowered, by second-phase p a r t i c l e s .  To 
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experimental ly  v e r i f y  t h e i r  p r e d i c t i o n s ,  t hey  have conducted t e n s i l e  
tests a t  77' K on i r o n  and i r o n  wi th  d i spe r sed  AL203. 
t h e  i r o n  wi th  d i spe r sed  A1203 was d u c t i l e  whereas t h e  i r o n  wi thout  
A1203 was b r i t t l e .  
t w i c e  t h e  stress, S e l l  and co-workers i n  t h e i r  work on tungs t en  - 3 . 8  
They showed t h a t  
I n  a d d i t i o n ,  t h e  i r o n  wi th  A1203 supported almost 
V/o ThQ2 a l l o y s  r e p o r t  t h a t  t h e  DBTT of t h e i r  m a t e r i a l  a f t e r  annea l ing  
a t  2400' C was 190' C and t h u s  was much lower than  unalloyed tungs ten  
(though s t i l l  w e l l  above room temperature)  . E a r l i e r  , Maykuth and.  co- 
workers (ref. 9) r epor t ed  t h a t  Tho2 a s  w e l l  a s  o t h e r  oxide a d d i t i o n s  
reduced t h e  t e n s i l e  DBTT of  t ungs t en  and when Tho2 was added t o  a 
t ungs t en  a l l o y  of 5 percent  R e ,  t hey  found t e n s i l e  d u c t i l i t y  a t  room 
temperature.  Ryan and Johnstone ( r e f .  15) sugges t  t h a t  s i m i l a r  e f f e c t s  
may a l s o  be achieved by p a r t i c l e s  i n  chromium, 
This  p o t e n t i a l  f o r  lowering DBTT while  improving h igh  temperature  
s t r e n g t h  warran ts  f u r t h e r  s tudy ,  p a r t i c u l a r l y  i n  tungs ten ,  chromium, 
and 
1. 
2. 
3 ,  
4. 
5, 
6. 
r e c r y s t a l l i z e d  molybdenum. 
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I n  agreement wi th  t h e  view expressed by Professor  Grant,  exper i -  
mental da t a  on t h e  s t r eng then ing  of t h e  r e f r a c t o r y  metals  have been 
somewhat l i m i t e d ,  
ening i n  Refrac tory  MetalsfP was presented by Armstrong, Bechtold and 
Begley i1~ .1962  (ref. E) and t h e y  noted t h a t  "the r e sea rch  necessary t o  
provide an o v e r - a l l  q u a n t i t a t i v e  theory  of t h e  s t r eng then ing  of  r e f r a c -  
t o r y  metal  a l l o y s  has  b a r e l y  begun." The var ious  i n v e s t i g a t i o n s  re- 
l a t e d  t o  t h e  d i s p e r s i o n  hardening of Mo- and Cb-b&se a l l o y s  were reviewed 
by Chang i n  1960 ( r e f .  2 ) .  The n a t u r e  of ca rb ide  d i spe r s ion  i n  repre-  
sen ta t ive  Mo-base a l l o y s  has  been d iscussed  by Ghang and Per lmut te r  who 
i n v e s t i g a t e d  t h e  s o l u t i o n  and ag ing  r e a c t i o n s  i n  t h e s e  a l l o y s  on t h e  
b a s i s  of  hardness ,  m i c r o s t r u c t u r a l  and phase changes ( r e f .  3 ) .  The 
P a t t e r  i n v e s t i g a t i o n  c o r r e l a t e d  ca rb ide  d i s p e r s i o n  t o  t h e  p r e c i p i t a t i o n -  
hardening process  i n  t h e  Mo-TZC a l l o y  (analyzed 1% T i ,  O , l %  Z r  and 0.14% 
C) which t y p i f i e s  c u r r e n t  h igh-s t rength  Mo-base a l l o y s ,  A s  depic ted  i n  
Figure 1, t h e  alloy contained t h r e e  carb ide  phases,  Mo2C, Tic and ZrC.  
The Mo e phase a lone  was s t a b l e  above about 3750' F (2O6So C) and coex- 
i s t e d  wi th  ZrC in t h e  temperature  range o f  3750' t o  3500' F (2065' t o  
1925' C). 
and 3000°F (1925" and 1450" C>.  
came i n c r e a s i n g l y  more s t a b l e  and appeared t o  be ?he only thermo- 
dynamically s t a b l e  ca rb ide  below approximately 2800" F (1550" C> e 
hapderaing r e a c t i o n  was thus based on t h e  ex tens ive  T i C  p r e c i p i t a t i o n ,  
accompanied by simultaneous d i s s o l u t i o n  of t h e  p re -ex i s t ing  Mo2C phase. 
I n  add i t ion  t o  t h e  ag ing  r e a c t i o n ,  t h e r e  was evidence t o  i n d i c a t e  t h a t  
t h e  1% T i  may a l s o  have played t h e  reversed  role  of  i n c r e a s i n g  t h e  C 
s o l u b i l i t y  a t  high temperatures .  
A summary paper on t h e  "Mechanisms of Alloy Strength-  
2 
These two ca rb ides  i n  t u r n  coexis ted  wi th  Tic between 3500' 
B e l o w  t h e  P a t t e r  temperature ,  T%G be- 
The 
4 Chang repor ted  f u r t h e r  s t u d i e s  of t h e  Mo-TZG c l a s s  
of a l l o y s  and t h e  effect of composition v a r i a t i o n s  on p r o p e r t i e s ,  He 
noted t h e  fo l lowing  in regard t o  t h e s e  a l loys- .  
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l. The s t r e n g t h  of Mo-TZC was g r e a t l y  increased  by high-tempera- 
t u r e  annea l ing  wi th  o r  without  subsequent working. The s t r e n g t h  in -  
c r ease  r e s u l t e d  from s t ra in- induced  T i c  p r e c i p i t a t i o n ,  e i t h e r  dur ing  
working o r  upon loading  of t h e  as-annealed condi t ion .  By v i r t u e  of 
t h i s  mechanism, it was poss ib l e  t o  develop high s tkeng th  i n  t h e  an- 
nealed condi t ion ,  comparable t o  t h a t  of t h e  worked condi t ion .  I n  con- 
t r a s t  t o  anneal ing,  an ag ing  t r ea tmen t  which produced ex tens ive  b u t  
coarse  T i c  d i s p e r s i o n  r e s u l t e d  i n  i n f e r i o r  s t r e n g t h  a t  e l eva ted  t e m -  
pera tures .  When followed by ex tens ive  working, however, such an ag ing  
t rea tment  was found t o  endow t h e  worked cond i t ion  wi th  h igh  s t r e n g t h ,  
2. Although t h e  low-C, MoTZ a l l o y  was n o t  age-hardenable, t h e  
s t r e n g t h  of  t h i s  a l l o y  was a l s o  enhanced by high-temperature annealing. 
P r i o r  aging,  however, always l e d  t o  low s t r e n g t h  due t o  de f i c i ency  i n  
ca rb ide  d i spe r s ion ,  
3. I n  c o n t r a s t  t o  Mo-TZ and Mo-TZC, t h e  s t r e n g t h  p r o p e r t i e s  of 
t h e  Mo-0,5Ti-O,035G a l l o y  were r e l a t i v e l y  i n s e n s i t i v e  t o  h e a t  t rea tment  
a s  a r e s u l t  of t h e  low Ti/C r a t i o  which r e s t r i c t e d  bo th  ca rb ide  d i s -  
s o l u t i o n  and i ts  p r e c i p i t a t i o n .  
4. F i n a l l y ,  t h e  present  r e s u l t s  sugges t  t h a t  t h e  opt imiza t ion  
of s t r e n g t h  p r o p e r t i e s  of complex r e f r a c t o r y  a l l o y s  must be based on 
an understanding of t h e  p e r t i n e n t  s o l u t i o n  and aging r e a c t i o n s  and 
their dependence on temperature ,  t i m e  and p l a s t i c  deformation, A s  a 
gene ra l  r u l e ,  a d e s i r a b l e  combination of s t r e n g t h  and d u c t i l i t y  may be 
achieved by u t i l i z i n g  ei-ther a reasonably h igh  primary process ing  tem- 
pe ra tu re  t o  maintain an adequate degree of supe r - sa tu ra t ion ,  o r  an ex- 
t e n s i v e l y  aged cond i t ion  t o  provide a l a r g e  volume f r a c t i o n  of d i s -  
pers ion.  En e i t h e r  case ,  a reasonably low f i n a l  process ing  tempera- 
t u r e  should be used t o  maximize ttre i n t e r p l a y  o f  d i spe r s ion  hardening 
and s t r a i n  hardening. 
Chang c l e a r l y  pointed ou t  t h e  importance of t h e  i n t e r p l a y  between 
hea t  t r ea tmen t  and process ing  (popular ly  knows a s  "thermal-mechanical" 
processing)  f o r  r e f r a c t o r y  metals.  
3 
Addi t iona l  important  s t u d i e s  have been conducted on thermal-mechan- 
i c a l  p rocess ing  of molybdenum a l l o y s  by Perkins  and Lyt ton (ref, 5). 
Recently,  sys t ema t i c  s t u d i e s  of  t h e  s o l i d  s o l u t i o n  and d i spe r sed  phase 
s t r eng then ing  of tungs ten  have been conducted. Here t h e  ca rb ide  s t r e n g t i -  
ening of t h e  f i n a l  a l l o y  system t h a t  r e s u l t e d  (W-Hf-C) appears  much s i m -  
p l e r  t h a n  t h e  systems t h a t  have been s tud ied  i n  most d e t a i l  i n  molybdenum, 
namely Mo-TZC o r  Mo-Cb-TZC. 
Raffo and KEopp ( r e f .  6) , copy enclosed,  and Rubenstein ( r e f .  7 ) .  
2500' t o  3500' F (1370' t o  1925' C) is p l o t t e d  a s  a f u n c t i o n  of composi- 
t i o n  i n  f i g u r e  2. 
t h e  g r e a t e s t  s t r eng then ing  e f f e c t  i n  tungs ten .  Columbium, tantalum, 
and rhenium a r e  p rogres s ive ly  less e f f e c t i v e ,  
columbium and rhenium po in t s  f a l l  on t h e  same curve,  and a t  3500' F 
(1925' C), t h e  da t a  f o r  tantalum and columbium a l s o  s c a t t e r  about one 
curve. 
i t y .  
hafnium and rhenium a d d i t i o n s  and t h e  same o rde r  of e f f e c t i v e n e s s  
preva i led ,  
TLe fo l lowing  d i scuss ion  is from papers by 
The u l t i m a t e  t e n s i l e  s t r e n g t h  of t h e i r  b ina ry  tungs ten  a l l o y s  a t  
A t  2500° to 3500' F (P3'70° t o  1925' C) hafnium has  
A t  2500' (1370' C ) ,  t h e  
The tantalum da ta  were no t  shown a t  3500' F (1925° C) f o r  c l a r -  
Data a t  4000° IF' (2200O C) (not shown) were a v a i l a b l e  only  f o r  
The c reep  s t r e n g t h s  f o r  t h e s e  b ina ry  systems a t  3500° F (1925O C) 
a r e  p l o t t e d  a g a i n s t  s o l u t e  conten t  i n  F igure  3. The c reep  s t r e n g t h s  a r e  
t h e  s t r e s s e s  a t  a minimum c reep  r a t e  of PO p e r  second. The same 
o rde r  of  e f f e c t i v e n e s s  i s  apparent  i n  t h e  creep da ta  a s  was observed 
i n  t h e  t e n s i l e  da t a .  
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The t e n s i l e  da t a  f o r  t h e  b ina ry  a l l o y s  can a l s o  be u t i l i z e d  t o  
p r e d i c t  t h e  s t r e n g t h  of t h e  t e r n a r y  a l l o y s .  It is a common conclusion 
t h a t  t h e  s o l i d - s o l ~ t i o n - a E l o y ~ n g  elements c o n t r i b u t e  t h e  same incre-  
ment of s t r e n g t h  to a t e r n a r y  a s  t h e y  do t o  a b ina ry  a l l o y  ( r e f .  8 ) -  
To t e s t  t h i s  f o r  t ungs t en  a l l o y s ,  t h e  increments of s t r eng then ing  from 
t h e  b ina ry  a l l o y  d a t a  i n  F igure  2 were c a l c u l a t e d  f o r  each of  t h e  so l -  
u t e s  i n  t h e  W-Cb-Hf, W-Ta-Hf, W-Ta-Re, and W-Re-Mf t e r n a r y  a l l o y s .  
These increments were t h e n  added t o  t h e  average s t r e n g t h  f o r  unalloyed w 
/- 
4 
a t  t h e  temperature  of i n t e r e s t .  F igure  4 compares t h e  c a l c u l a t e d  and 
experimental  s t r e n g t h s  f o r  a l l o y s  annealed a t  3600' F (1985' C). The 
agreement wi th  t h e  assumption of  a d d i t i v e  s t r eng then ing  was good 
e s p e c i a l l y  when cons ide r ing  t h a t  no c o r r e c t i o n s  were made f o r  v a r i a -  
t i o n s  i n  g r a i n  s i z e  o r  i n t e r s t i t i a l  con ten t s  among t h e  a l loys .  
I n  o r d e r  t o  undgrstand t h e  mechanisms by which t h e  va r ious  
s o l u t e s  s t r eng then ,  t h e  deformation mechanisms a t  e l eva ted  tempera- 
t u r e s  should be considered. S t r a i n  hardening i n  body-centered-cubic 
metals  is thought  t o  be r e l a t e d  t o  t h e  formation of j o g s  on screw 
d i s l o c a t i o n s  by t h e  i n t e r a c t i o n  of d i s l o c a t i o n s  on two i n t e r s e c t i n g  
s l i p  p l a n e s  ( r e f .  9 ) .  A s  t h e  j o g s  move, t hey  produce vacancies  t h a t  
a c t  a s  a drag  on t h e  motion of t h e  screw d i s l o c a t i o n s .  However, t h e  
excess  number of mechanically produced vacancies  may promote climb 
of t h e  edge segments of  t h e  d i s l o c a t i o n  networks, Such processes  
c o n s t i t u t e  'Pdynamic recovery" and a s  such reduce t h e  r a t e  of work 
hardening and consequently t h e  elevated-temperature  s t r e n g t h .  
Alloying may inc rease  t h e  s t r e n g t h  by decreas ing  e i t h e r  t h e  j o g  
o r  vacancy mobil i ty .  The motion of jogs may be impeded by s o l u t e  
atoms seg rega t ing  t o  t h e i r  stress f i e l d  ( r e f .  10) .  So lu te  atoms and 
vacancies  may a l s o  be s t r o n g l y  bound t o  one another  ( r e f .  11) .  A s  a 
consequence, vacancies  may t end  t o  exchange p laces  more o f t e n  wi th  
s o l u t e  than  so lven t  atoms, which r e s u l t s  in a lower s e l f - d i f f u s i o n  
ra te  s i n c e  t h e  vacancies  a r e  bound t o  t h e  s o l u t e  atoms and do no t  a i d  
i n  so lven t  s e l f - d i f f u s i o n .  
The s t r e n g t h  of t h e  b inding  between s o l u t e  atoms and j o g s  o r  
vacancies  would be expected t o  depend on t h e  d i f f e r e n c e  i n  atom s i z e  
between t h e  so lven t  and s o l u t e  ( r e f s .  10 and 11) .  A q u a n t i t a t i v e  cor- 
r e l a t i o n  was attempted by p l o t t i n g  t h e  s l o p e s  of t h e  strength-compo- 
s i t i o n  curves i n  F igure  2 a g a i n s t  t h e  percent  d i f f e r e n c e  i n  atomic 
r ad ius ,  F igure  5 i l l u s t r a t e s  t h i s  c o r r e l a t i o n .  The log-log p l o t  shown 
does i n d i c a t e  a d e f i n i t e  atom s i z e  e f f e c t  and provides  suppor t  f o r  t h e  
mechanisms o u t l i n e d  previous ly ,  a l though no e s t ima t ion  of t h e  r e l a t i v e  
importance of s o l u t e - j o g  o r  solute-vacancy i n t e r a c t i o n s  can be deduced, 
5 
Strengthening  of Carbon and Boron i n  Tungsten 
Elevated-temperature t e n s i l e  d a t a  were obtained by Raffo and Klopp 
on both  t h e  W-C and W-B systems (ref 1 2 ) .  Carbon has  been shown t o  
e x i s t  as an i n t e r s t i t i a l  i n  t ungs t en  ( r e f .  13)  while  it has been pro- 
posed t h a t  boron may e x i s t  s imultaneously as a s u b s t i t u t i o n a l  and in-  
t e r s t i t i a l  (ref. 14)- A comparison of  t h e  s t r e n g t h  d a t a  f o r  bo th  
systems was made t o  examine whether o r  n o t  t h e  d i f f e r e n c e  i n  t h e  type  
of s o l i d  s o l u t i o n  formed eould have any in f luenee  on t h e  e leva ted-  
temperature  s t r e n g t h ,  
mate t e n s i l e  s t r e n g t h  of t ungs t en  a t  2500' and 3500' F (1370' t o  1925' 
C]. Carbon a d d i t i o n s  up t o  a t  l e a s t  0 , 3  atom percent  decreased t h e  
s t r e n g t h ,  whi le  i n  c o n t r a s t ,  boron produced a r ap id  i n i t i a l  i nc rease  
i n  s t r e n g t h  followed by a l e v e l i n g  o f f  a t  h igher  boron conten ts .  
same t r e n d s  were observed a t  3000° and 4000' P (1450° and 2200° C). 
It was thought  t h a t  t h e s e  d i f f e r e n c e s  between t h e  W-C and W-B a l l o y s  
r e f l e c t e d  t h e  prev ious ly  mentioned d i f f e rences  i n  t h e  type  of s o l i d  
s o l u t i o n  formed. The i n i t i a l  s t r eng then ing  by boron a d d i t i o n s  was 
examined previous ly  by t h e s e  a ~ t k a ~ r s  and t h e y  concluded t h a t  t h e  mag- 
n i tude  of t h e  i n i t i a l  s l o p e  of t h e  s t rength-composi t ion curve f i t  w e l l  
wi th  t h e  concept of a simultaneous interstitial-substitutional s o l i d  
s o l u t i o n  wi th  t h e  balance t end ing  toward s u b s t i t u t i o n a l  (ref. 1 2 ) .  
I n  c o n t r a s t ,  carbon a d d i t i o n s  apparent ly  weaken by promoting an in?  
c r e a s e  i n  t h e  s e l f - d i f f u s i o n  r a t e  of tungsten.  This behavior  has  been 
previously noted f o r  carbon a d d i t i o n s  t o  gamma i r o n  [ r e f s .  1 5  and 16) .  
The i n c r e a s e  i n  t h e  s e l f - d i f f u s i o n  rake  has  been suggested t o  r e s u l t  
from t h e  carbon atoms i n c r e a s i n g  t h e  vacancy mobi l i ty  due t o  t h e  l a t -  
t i c e  d i s t o r t i o n s  a s s o c i a t e d  w i t h  t h e  i n t e r s t i t i a l  s o l i d  s o l u t i o n  ( r e f .  
F igure  6 shows t h e  effect  of bo th  carbon and boron on t h e  u l t i -  
The 
21). 
Garbide-Strengthened Alloys 
The i n c r e a s e  i n  s t r e n g t h  confer red  by carbon a d d i t i o n s  t o  W-Hf, 
W-Cb, W-Ta, and W-Ta-We a l l o y s  were a l s o  considered [ref. 6 ) -  Carbon 
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a d d i t i o n s  t o  W-Hf a l l o y s  produced t h e  g r e a t e s t  i n c r e a s e s  i n  both t h e  
s t r e n g t h  of r e c r y s t a l l i z e d  a l l o y s  and i n  t h e  r e t e n t i o n  of co ld  work 
a t  e l eva ted  temperatures ,  
The r e l a t i v e  s t r eng then ing  effects of carbon on t h e s e  a l l o y s  may 
be compared i n  t h e  fo l lowing  manner. F i r s t ,  t h e  s t r e n g t h  of t h e  a l l o y  
without  t h e  carbon a d d i t i o n  was i n t e r p o l a t e d  from t h e  curves i n  F igure  
2, 
under eons ide ra t ion  t o  g ive  an increment i n  s t r e n g t h  due t o  t h e  carbon 
add i t ion ,  Figure 7 is a p l o t  of t h i s  s t r eng then ing  increment a s  a 
f u n c t i o n  of carbon con ten t  f o r  a l l o y s  t e s t e d  a t  3500' F (1925' C). 
The d a t a  may be seen t o  f a l l  i n t o  t h r e e  groups. F i r s t ,  carbon addi- 
t i o n s  t o  unal loyed tungs t en  r e s u l t  i n  an i n i t i a l  decrease  i n  s t r e n g t h  
[which was d iscussed  previously)  followed by an inc rease  i n  s t r e n g t h  
and a subsequent l e v e l i n g  o f f  a t  h ighe r  carbon contents .  I n  c o n t r a s t ,  
carbon a d d i t i o n s  t o  W-Hf a l l o y s  produced a r a p i d  inc rease  i n  s t r e n g t h ,  
while t h e  da t a  for W-Cb, W-Ta, and W-Ta-Re a l l o y s  showed a less rap id  
inc rease ,  The da ta  f o r  t h e  l a t t e r  a l l o y s  showed a g r e a t  d e a l  of 
s c a t t e r  and a r e  represented  by a broad band. 
This  va lue  was then  sub t r ac t ed  from t h e  s t r e n g t h  of t h e  a l l o y  
These rpelative s t r eng then ing  effects may be c o r r e l a t e d  q u a l i t a -  
t i v e l y  wi th  t h e  ca rb ide  pa r t i c l e  s i z e .  The f i n e s t  p a r t i c l e  s i z e s  
were observed i n  t h e  W-Hf-G a l l o y s .  The swaged a l l o y s  cqntained some 
l a r g e  p r e c i p i t a t e s  on t h e  o rde r  of 0 - 1  to 0 - 2  microns i n  s i z e  and many 
smal l  p r e c i p i t a t e s  about 0.02 micron (200AO) i n  s i z e ,  The volume per- 
c e n t  f o r  optimum s t r e n g t h  was nea r  0.5. I n  c o n t r a s t ,  t h e  ca rb ides  i n  
t h e  o t h e r  systems were coarse  and usua l ly  o r i e n t e d  i n  the swaging d i r ec -  
t i o n .  The f i n e  p a r t i c l e s  i n  t h e  W-Hf-Q: a l l o y s  apparent ly  a r e  most ef- 
f e c t i v e  i n  s t a b i l i z i n g  t h e  d i s l o c a t i o n  s u b s t r u c t u r e  formed dur ing  
deformation. This  i s  a l s o  ev iden t  i n  t h e  h igh  r e s i s t a n c e  t o  reerys-  
t a l l i z a t i o n  e x h i b i t e d  by t h e s e  a l l o y s .  
w e l l  t o  t h e  s t r e n g t h  a t  3000' F (1925' C) and lower,  a s  t h e  f i n e  pre- 
c i p i t a t e s .  For example ,  t h e  s t r e n g t h s  of t h r e e  carbide-s t rengthened 
a l l o y s  a r e  compared i n  t h e  swaged cond i t ion  i n  F igure  8. The s t r e n g t h s  
The coarse  p r e c i p i t a t e s ,  however, apparent ly  c o n t r i b u t e  equa l ly  
a t  3000' le (1450' C) f o r  a l l  t h e  a l l o y s  a r e  n e a r l y  equal  whi le  a t  
3500' F (1925' C ) ,  t h e  s t r e n g t h s  vary  from 16,600 t o  62,500 p s i .  
This r e f l e c t s  l a r g e l y  t h e  s t a b i l i t y  of  t h e  cold-worked s t r u c t u r e .  
The f i rs t  two a l l o y s  r e c r y s t a l l i z e d  dur ing  t e s t i n g  a t  3500' F (1925' 
e ) ,  while  t h e  W-Hf-C a l l o y  r e t a i n e d  i t s  cold-worked s t r u c t u r e .  
I n  c reep ,  t h e  f i n e  p a r t i c l e  s i z e s  i n  t h e  W-Hf-C a l l o y s  d i d  n o t  
appear t o  produce a s  h igh  s t r e n g t h s  a s  found i n  some of t h e  s o l i d -  
so lu t ion-s t rengthened  a l l o y s .  For example, t h e  c reep  s t r e n g t h  of 
r e c r y s t a l l i z e d  HC-3, W-0.2 atom percent  Hf-0.26 atom percent  C was 
8000 p s i  a t  3500' F (1925O C), while  a l l o y s  HI?-3, W - 1 . 7  atom percent  
H f ,  and TH-2, W-1.56 atom percent ,  Ta-0.40 atom percent  H f  had 
s t r e n g t h s  of 10 ,080  and 8300 p s i ,  r e s p e c t i v e l y ,  i n  s p i t e  cjf t h e  W-Hf- 
C a l l o y  having a h igher  t e n s i l e  s t r e n g t h  a t  t h i s  temperature .  
Recently t h e  arc-melted W-Hf-C a l l o y s  have been s tud ied  i n  more 
d e t a i l  by Rubenstein a t  t h e  NASA L e w i s  Research Center ( r e f ,  7 ) .  H e  
i n v e s t i g a t e d  t h e  e f f e c t s  of composition ranges f o r  bo th  H f  and C, 
and t h e  effects sf h e a t  t r ea tmen t  and s u b s t r u c t u r e  on t h e  s t r e n g t h  
and d u c t i l i t y .  The s t r o n g e s t  a l l o y s  contained eqeaiatomic amounts 
of carbon and hafnium and s t r e n g t h s  increased  wi th  i n c r e a s i n g  H f C  
con ten t s  up t o  approximately 0.5 v/o, a f t e r  which f u r t h e r  a d d i t i o n s  
caused a s l i g h t  decrease  i n  s t r e n g t h ,  
s t r e n g t h  f o r  swaged m a t e r i a l  was l i n e a r l y  rpelated t o  t h e  inve r se  
square r o o t  of t h e  c e l l  s i z e .  
The 3500° F (l925O C> t e n s i l e  
Limited t e n s i l e  and m i c r o s t r u c t u r a l  s t u d i e s  i n d i c a t e d  t h a t  t h e  
W-Hf-C a l l o y s  a r e  h e a t  t r e a t a b l e .  The minimum s o l u t i o n  temperature  
of ha nium ca rb ide  i n  tungs t en  is  approximately 4600° F (2535' e ) ,  
and one hour a t  2500° F (1370° C> is an e f f e c t i v e  ag ing  temperature.  
A t e n s i l e  specimen h e a t  t r e a t e d  i n  t h i s  manner d isp layed  a t e n s i l e  
s t r e n g t h  of 69,000 p s i  a t  3500° F (1925O C )  compared t o  approximately 
9000 p s i  f o r  unalloyed tungsten.  The hafnium ca rb ide  p r e e i p i t a t i o n -  
s t rengthened  a l l o y s  e x h i b i t e d  one hour r e c r y s t a l l i z a t i o n  temperatures  
i n  excess  of 4200' P (2300' G) .  
d i f f i c u l t  t o  determine t h e  specif ic  n a t u r e  of  t h e  p a r t i c l e - d i s l o c a t i o n  
I n  t h e  hea t - t r ea t ed  a l l o y s  it i s  - 
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i n t e r a c t i o n s  bu t  t h e  absence of d i s l o c a t i o n  ce l l s  o r  networks l e a d s  t o  
t h e  conclusion t h a t  t h e  H f C  p a r t i c l e s  were d i r e c t l y  r e spons ib l e  i n  
c o n t r o l l i n g  t h e  t e n s i l e  s t r eng th .  
The stress f o r  a 3500' F (1925' C), 100-hour rup tu re  l i f e  was ap- 
proximately 14,000 p s i  i n  t h e  swaged condi t idn ,  A s o l u t i o n  annealed 
and aged specimen t e s t e d  a t  3500' F (1925' C) i n  a s tep- load  creep  
t e s t  r equ i r ed  a stress of  approximately 20,000 p s i  f o r  a minimum creep 
r a t e  of ~ x E O - ~  see-' (corresponding perhaps t o  an approximate 100-hour 
ruptupe l i f e ) .  
1. 
2. 
3 .  
4, 
5, 
6. 
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Figure 2 - Effect of alloying on  strength of arc-melted tungsten at 2500" 
to 3500' F. 
Figure 3 - Inf luence of alloying on 3500" F creep strength. 
Figure 9 - Comparison of experimental tensile strengths with 
values calculated assuming additive strengthening effects. 
(Alloy systems include W-Ta-Re, W-Re-Hf, W-Ta-Hf, and 
W-Cb-Hf.) 
Figure $7 - Variation of solid-solution strength- 
ening rate with difference in atom size between 
tungsten and solute. 
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Figure 6 - Effects of carbon and boron on  ultimate tensile strength of arc-melted tung- 
sten ai  25Ml" and 35M" F 1W-8 data f rom ref. 7). 
Figure 7 - Change in strength due to carbon addi- 
t ions to unalloyed tungsten and several tungsten 
alloy systems at 3500" F. 
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I V  - G R A I N  SIZE AND STRENGTH 
(See page 10  of Prof. Grant ' s  d r a f t )  
Although i n  supe ra l loys  it has been g e n e r a l l y  accepted t h a t  a 
coarse  g r a i n  s i z e  is s t r o n g e r  a t  h igh  temperatures  than  a f i n e  g r a i n  
s i z e ,  t h i s  is n o t  n e c e s s a r i l y  t r u e  i n  r e f r a c t o r y  metals.  It is sug- 
gested t h a t ,  a t  l e a s t  i n  pure metals  and s o l i d  s o l u t i o n  a l l o y s ,  
g r e a t e r  t e n s i l e  and creep s t r e n g t h s  may be a s soc ia t ed  wi th  f i n e r  
g r a i n  s izes ,  Some i l l u s t r a t i v e  da t a  fol low: 
Klopp, Witzke, and Raffo ( r e f .  1) s tud ied  t h e  r e l a t i o n  of g r a i n  
s i z e  t o  both  short- t ime t e n s i l e  and creep s t r e n g t h s  of unalloyed 
tungs ten .  ( A l l  of  t h e  fo l lowing  is  from t h e i r  paper.) A p l o t  of 
u l t ima te  s t r e n g t h  and y i e l d  s t r e n g t h  f o r  t h e  arc-melted specimens 
and u l t i m a t e  s t r e n g t h  for t h e  EB-mel ted  specimens a g a i n s t  average 
g r a i n  diameter ,  presented i n  Figure I, shows t h a t  t h e  s t r e n g t h s  de- 
c rease  wi th  i n e r e a s h g  g r a i n  s i z e .  
which appear t o  be unaf fec ted  by temperature  over t h e  range 2500° t o  
3500' F,  were expressed a s  
The g r a i n - s i z e  dependencies,  
-0.12 
~ k a  = AL 
- BL-o. 2 5  
0 -  
Y 
where 
Cu = u l t ima te  t e n s i l e  s t r e n g t h  ( a t  0.05 min-l) > p s i ,  
6 
A , B  = temperatiure-dependent cons t an t s ,  
L = average g r a i n  diameter ,  e m ,  
= 0.2  p c t  o f f s e t  y i e l d  s t r e n g t h  ( a t  0.005 min-I) > p s i ,  
Y 
Thus, dec reas ing  t h e  g r a i n  s i z e  from 0 .1  e m ,  t y p i c a l  f o r  i-arcrmelted 
tungs ten  annealed above 4000° F,  t o  0.005 c m ,  t y p i c a l  f o r  j u s t -  
r e c r y s t a l l i z e d  arc-melted tungs t en ,  increased  t h e  u l t ima te  s t r e n g t h  
by 40 p e t  and t h e  y i e l d  s t r e n g t h  by 80 pet- 
( I t  is a l s o  apparent  from Figure  1 t h a t  t h e  u l t i m a t e  s t r e n g t h s  
of t h e  EB-mel ted  m a t e r i a l s  were only about 85 p c t  a s  h igh  a s  t h e  u l t i -  
mate s t r e n g t h s  of  arc-melted tungs t en  a t  t h e  same g r a i n  s i z e s .  I t  
2 
was suggested t h a t  t h i s  d i f f e r e n c e  r e f l e c t e d  t h e  d i f f e r e n c e s  i n  p u r i t y  
between t h e  two types  of ma te r i a l s . )  
The au tho r s  pointed out  t h a t  v a r i a t i o n s  i n  t e n s i l e  s t r e n g t h  wi th  
g r a i n  s i z e  a t  h igh  tempera tures  have been observed previously (ref. 2 ,  
3 ) ,  al though a complete p i c t u r e  of t h e  mechanism has  n o t  y e t  emerged. 
A mechaniqm based on s t r a i n  hardening has  been descr ibed  by McLean 
(ref. 2) who sugges t s  t h a t  t h e  increased  s t r e n g t h  wi th  decreas ing  
g r a i n  s i z e  r e s u l t s  from t h e  increased  complexity of s l i p  w i th in  t h e  
i n d i v i d u a l  g ra ins .  During deformation of a p o l y c r y s t a l l i n e  ma te r i a l ,  
t h e  i n d i v i d u a l  g r a i n s  a r e  p a r t i a l l y  cons t ra ined  by t h e i r  neighbors  s o  
t h a t  s l i p  on a g iven  plane can proceed only  t o  t h e  e x t e n t  t h a t  t h e  
neighboring g r a i n s  can deform t o  accommodate t h e  changing g r a i n  shape. 
A s  t h e  l i m i t  of  deformation i n  a given d i r e c t i o n  is  approached, t h e  
resolved stresses wi th in  t h e  g r a i n  inc rease  and s l i p  begins  on o t h e r  
planes more f avorab ly  o r i e n t e d  wi th  respect t o  t h e  neighboring 
g ra ins .  Decreasing g r a i n  s i z e  reduces t h e  t o t a l  s t r a i n  t h a t  can be 
accommodated on t h e  most f avorab ly  o r i e n t e d  s l i p  planes,  and t h e  
stress i n c r e a s e s  more r a p i d l y  wi th  t o t a l  s t r a i n  i n  o rde r  t o  a c t i v a t e  
s l i p  on less  f avorab ly  o r i e n t e d  p lanes ,  g iv ing  rise t o  t h e  observed 
i n c r e a s i n g  s t r e n g t h  and s t r a in -ha rden ing  r a t e  wi th  decreas ing  g r a i n ,  
s i z e .  
A second poss ib l e  explana t ion  is concerned wi th  t h e  e f f e c t  of 
g r a i n  boundaries  on d i s l o c a t i o n  dens i ty ,  I t  has  been shown ( r e f .  4) 
t h a t  t h e  average d i s l o c a t i o n  d e n s i t y  ,o is approximately p ropor t iona l  
t o  t h e  first power of s t r a i n  e : 
p= D E C  (3) 
where c is approximately equal  t o  1. 
The f low stress CT t o  produce p l a s t i c  s t r a i n  is p ropor t iona l  
t o  t h e  square r o o t  of  t h e  d i s l o c a t i o n  d e n s i t y  
d = b  0 + a@ ( 4) 
where 
CT = stress t o  i n i t i a t e  d i s l o c a t i o n  motion, p s i ,  
tL = p r o p o r t i o n a l i t y  cons t an t .  
0 
3 
By s u b s t i t u t i n g  Eq. (3) i n t o  Eq. (4), a pa rabo l i c  r e l a t i o n  between d 
and p is obtained:  
6 = do + a m  (5) 
It is  f u r t h e r  seen t h a t  i n c r e a s i n g  t h e  d i s l o c a t i o n  d e n s i t y  f o r  a 
given s t r a i n ,  i . e . ,  i n c r e a s i n g  t h e  p r o p o r t i o n a l i t y  f a c t o r  D between 
,o and Q , i nc reases  t h e  r equ i r ed  f low s t r e s s  f o r  a given s t r a i n ,  
Since g r a i n  boundaries can a c t  a s  sources  f o r  d i s l o c a t i o n s ,  an in -  
crease f n  t h e  g r a i n  boundary a rea  p e r  u n i t  volume ( reduct ion  i n  g r a i n  
s i z e )  i nc reases  t h e  d i s l o c a t i o n  d e n s i t y  and t h u s  t h e  s t r e n g t h .  
For  c reep ,  Klopp, e t  a l ,  analyzed t h e i r  d a t a  t o  determine t h e  
b e s t  va lues  f o r  a and b i n  a r e l a t i o n  of t h e  type  proposed by 
Sherby ( r e f .  5): 
a b  & = Koc L 
where 
K = temperature-dependent cons t an t ,  
a , b  = temperature-independent c o n s t a n t s ,  
ab = engineer ing  c reep  stress. e 
Average va lues  of 5.8 were determined f o r  a , t h e  stress f a c t o r ,  
and 0.43 f o r  b t h e  g r a i n  s i z e  f a c t o r .  The stress f a c t o r  decreased 
s l i g h t l y  wi th  i n c r e a s i n g  temperature ,  bu t  no temperature  dependency 
was apparent  for t h e  g ra in - s i ze  f a c t o r  b . The average s t r e s s  
f a c t o r  of 5-8  is c l o s e  t o  t h e  va lue  o f  6.3 observed by Green (ref. 6) 
f o r  powder-metallurgy tungs t en  a t  h igher  temperatures .  
The g ra in - s i ze  f a c t o r  of 0.43 is less than  t h e  va lue  of 2 pro-  
posed i n  t h e  review by Sherby ( r e f .  5) and observed by Feltham and 
Meakin i n  copper ( r e f .  7) and Suther land and Klopp in'powder-metal- 
lu rgy  tungs t en  (ref. 8) .  The i n c r e a s e  i n  creep r a t e  (decrease i n  
creep s t r e n g t h )  w i t h  i n c r e a s i n g  g r a i n  s i z e ,  however, i s  i n  q u a l i t a -  
t i v e  agreement wi th  t h e s e  and o t h e r  r ecen t  obse rva t ions  on lead  ( r e f .  
9), and on b r a s s  and copper (&ef, 8 ) .  I n  c o n t r a s t ,  s t u d i e s  on a l -  
uminum (ref. 2) and a r ecen t  s tudy  on copper ( r e f .  9 )  showed t h e  
oppos i te  effect ;  t h a t  is ,  t h e  coarse-grained m a t e r i a l s  were s t ronge r ,  
S tud ie s  on Monel ( r e f .  1 2 )  and an a u s t e n i t i c  iron-base a l l o y  (ref. 
4 
13) have ind ica t ed  t h a t  t h e  creep r a t e  e x h i b i t s  a minimum a t  an i n t e r -  
mediate g r a i n  s ize ,  where t h e  g r a i n  s i z e  f o r  t h i s  minimum creep r a t e  
i nc reases  wi th  i n c r e a s i n g  temperature .  This  r e l a t i o n  has  been i n t e r -  
pre ted  ( re f .  1 3 )  t o  r e s u l t  from mobile d i s l o c a t i o n s  be ing  formed a t  
i n t r a g r a n u l a r  sources  a t  low temperatures  and/or high stresses, 'whiFer 
a t  h igh  temperatures  and/or low stresses mobile d i s l o c a t i o n s  a r e  gen- 
e r a t e d  a t  g r a i n  boundaries.  Although t h e  s h i f t  i n  g r a i n  s ize  f o r  min- 
imum creep  r a t e  from f i n e  t o  coarse  has  been repor ted  t o  occur  over  
t h e  range 0.4 t o  0.6 Tm (ref. 1 3 ) ,  no minimum i n  a p l o t  of c reep  r a t e  
v s  g r a i n  s i z e  was observed i n  t h e  s tudy  by Klopp e t  a l ,  which covered 
t h e  temperature  range 0.4 t o  0 - 7  PI,. 
The c a l c u l a t e d  stress necessary t o  g ive  a creep r a t e  of 
-1 s e e  
Figure 2. The stress dur ing  c reep  was p ropor t iona l  t o  t h e  -0.074 
power of g r a i n  s i z e ,  a s  c a l c u l a t e d  from Eq. (6) .  This  va lue  is 
measurably less than  t h e  f a c t o r  of -0.12 observed f o r  t h e  dependency 
of t h e  short- t ime u l t i m a t e  t e n s i l e  s t r e n g t h  on p i n  s i z e  (shown i n  . 
Figure  1 ) ,  r d l e c t i n g  t h e  p r o b a b i l i t y  t h a t  t h e r e  is a change o r  rnodi- 
f i c a t i o n  i n  t h e  r a t e - c o n t r o l l i n g  r eac t ion .  The s t r e n g t h  a t  e leva ted  
temperatures  is considered t o  be determined from competi t ion between 
s t ra in-hardening  and recovery r e a c t i o n s ,  During t e n s i l e  t e s t i n g ,  
where t h e  t o t a l  t i m e  i s  s h o r t ,  s t r a in -ha rden ing  may e x e r t  t h e  pre-  
dominant in f luence  on s t r e n g t h .  During creep t e s t i n g ,  however, t h e  
t e s t  times a r e  cons iderably  longer  and recovery r e a c t i o n s  a r e  con- 
s ide red  r a t e  c o n t r o l l i n g .  The mechanisms by which decreas ing  g r a i n  
s i z e  is pos tu l a t ed  t o  inc rease  s t r e n g t h  a r e  i n c r e a s i n g  t h e  complexfty 
of s l i p  and/or i n c r e a s i n g  t h e  d i s l o c a t i o n  dens i ty ,  Since t h e s e  a r e  
both a s soc ia t ed  wi th  s t r a i n  hardening r a t h e r  than  recovery,  t h e  de- 
a t  3000°, 3 5 O O o ,  and l i O O O o  F was p l o t t e d  a g a i n s t  g r a i n  s i z e  i n  
c rease  i n  g ra in - s i ze  dependence may r e f l e c t  t h e  i n c r e a s i n g  importance 
of recovery a s  t h e  r a t e - c o n t r o l l i n g  r e a c t i o n  a t  low s t r a i n  r a t e s ,  
It is  a l s o  apparent  from Figure  2 t h a t  t h e  creep s t r e n g t h s  of 
bo th  arc-melted and EB-melted tungs t en  a r e  s i m i l a r  when compensated 
f o r  g r a i n  s i z e ;  i n  c o n t r a s t ,  EB-melted tungs t en  was weaker than  arc-  
melted tungs t en  of s i m i l a r  g r a i n  s i z e  i n  shor t - t ime t e n s i l e  tes ts .  
This behavior  sugges t s  t h a t  i m p u r i t i e s ,  perhaps a s  widely d i spe r sed  
p r e c i p i t a t e s ,  can moderately s t r e n g t h e n  t u n g s t e n  du r ing  t e n s i l e  t es t -  
ing  by in te r fe r ing  w i t h  s l i p  and i n c r e a s i n g  t h e  r a t e  of s t r a i n  harden- 
ing. These i m p u r i t i e s ,  however, a r e  r e l a t i v e l y  i n e f f e c t i v e  a s  s t r e n g t h -  
ene r s  du r ing  creep, where recovery processes  such a s  c r o s s  s l i p  and 
climb a l low t h e  d i s l o c a t i o n s  t o  bypass t h e s e  o b s t a c l e s .  
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V - EFRACTORY METAL FIBER-REINFORCED SUPERALLOYS 
The r e f r a c t o r y  metal a l l o y s  might be converted t o  wire and em- 
bedded i n  a supe ra l loy  matr ix  t h a t  has  a s u p e r i o r  ox ida t ion  resis- 
tance.  F igure  1 i s  i l l u s t r a t i v e  of t h i s  concept and uses  a model sys- 
tem. A composite m a t e r i a l  of tungs ten  wi re s  i s  shown embedded i n  a 
copper mat r ix ;  t h e  tungs t en  wires have a s t r e n g t h  much g r e a t e r  t han  
copper and s e r v e  t o  s t r e n g t h e n  copper. F igure  2 (ref. 1) i l l u s t r a t e s  
t h e  s t r e n g t h s  achieved a s  a f u n c t i o n  of volume percent  of t ungs t en  
wire added t o  t h e  copper. This  is f o r  cont inuous f i b e r s  a l l  o r i e n t e d  
p a r a l l e l  t o  t h e  load  ax i s .  C lea r ly ,  t h e  s t r e n g t h  of t h e  composite 
i n c r e a s e s  d i r e c t l y  wi th  t h e  volume percent  of t ungs t en  added i n  accord 
wi th  t h e  law of  mixtures .  
If, f o r  each of s e v e r a l  t empera tures ,  w e  were t o  s u b s t i t @ e  t h e  
1000-hour s t r e n g t h  d e n s i t y  of  a s u p e r a l l o y  I N l O O  a t  t h e  l e f t  s i d e  of 
t h e  f i g u r e  and t h e  1000-hour s t r e n g t h - d e n s i t y  of r e p r e s e n t a t i v e  high- 
s t r e n g t h  rpefractory meta ls  f o r  t h e  f i b e r  po in t  ( a t  100 percent) on 
t h e  r i g h t  s i d e ,  w e  may then  draw a l i n e  between them and have an in-  
d i c a t i o n  of t h e  s t r e n g t h  of t h e  composite a s  a f u n c t i o n  of volume 
percent  of r e f r a c t o r y  metal  f i b e r  added t o  t h e  s u p e r a l l o y  matrix. 
C r o s s p l o t t i n g  f o r  s e v e r a l  t empera tures  provides  a s e t  of parameter 
curves  from which w e  can a s s e s s  t h e  p o t e n t i a l  f o r  improvement of tem- 
p e r a t u r e  c a p a b i l i t y  of knpera l loys  by s t r eng then ing  wi th  r e f r a c t o r y  
metal  f i b e r s .  I n  t h e  f a b r i c a t i o n  of  composites,  t h e  goa l  is t o  in-  
co rpora t e  a s  much r e i n f o r c i n g  f i b e r  a s  p o s s i b l e ,  c o n s i s t e n t  w i th  
adequate m a t r i x  con ten t ,  t o  provide a p r o t e c t i v e  o x i d a t i o n - r e s i s t a n t  
f i l m  around each f i b e r .  Very h igh  volume percentages of f i b e r s  (380 
percent)  p re sen t  f a b r i c a t i o n  problems t h a t  a l s o  r e s t r i c t  f i b e r  con- 
t e n t ,  ( A t  low f i b e r  con ten t s ,  on t h e  o t h e r  hand, necessary  c o n s t r a i n t s  
on t h e  mat r ix  may n o t  be present . )  F i g u r e  3 shows t h e  improvement over  
t h e  a l lowable  u s e  tempera ture  f o r  IN100 a t  two volume percentages of 
f i b e r ,  30 and 70, 
temperature  a t  which t h e  m a t e r i a l  would have a 1000-hour s t r e s s - r u p t u r e  
t o  d e n s i t y  r a t i o  of  52,500 inches ,  which f o r  IN100 is about 1800' P 
The "allowable" tempera ture  he re  is de f ined  a s  t h e  
2 
( 980' C).  
f r a c t o r y  metal  systems except  tungs ten  (where unalloyed m a t e r i a l  is 
shown) i s  used a s  t h e  f i b e r  i n  t h i s  p l o t .  A t  30 volume percent  f i b e r ,  
improvements of 120' t o  290' F (65' t o  160' C) might be achieved; a t  
70 volume percent  f i b e r ,  improvements of  250' F t o  480' F (140' t o  
270' C) might be achieved, A t  a 1000-hour s t r e s s - d e n s i t y  r a t i o  of 
70,000 p s i ,  n o t  shown h e r e ,  s i m i l a r  c a l c u l a t i o n s  would sugges t  t h a t ,  
a s  compared wi th  improvements of  120° F t o  480' F (65' t o  270' C) 
h e r e ,  t h e  range would be 75' t o  435' F (40' t o  240' C) . 
A r e p r e s e n t a t i v e  h igh-s t rength  a l l o y  f o r  each of  t h e  re- 
It should be remembered t h a t  t h e s e  a r e  c a l c u l a t e d  v a l u e s ,  n o t  
experimental ,  and it is a long ,  t o r t u o u s  pa th  from h e r e  t o  success-  
f u l  composites of s u p e r a l l o y s  r e in fo rced  w i t h  r e f r a c t o r y  metals.  A 
most s e r i o u s  problem w i l l  be t h e  r e a c t i o n  of  t h e  r e f r a c t o r y  metal  
f i b e r  w i t h  t h e  s u p e r a l l o y  matrix both  d u r i n g  f a b r i c a t i o n  and i n  ser- 
v i c e  a t  high temperature ,  An example i s  shown i n  F igu re  4 -  I n  Fig- 
u re  2 ,  t h e  s t r e n g t h s  of W-Cu eomposites a r e  shown. These a r e  i d e a l  
m a t e r i a l s  f o r  s tudy  because t h e r e  i s  no r e a c t i o n  between t h e  tungs ten  
f i b e r  and t h e  copper matrix.  F u r t h e r  s t u d i e s  have been conducted 
(ref,  2) where t h e  copper matrix has  been a l loyed  wi th  o t h e r  metals  
t h a t  w i l l  r e a c t  o r  a r e  mutually s o l u b l e  w i t h  tungs ten .  The two 
photomicrographs c l e a r l y  show t h e  effect  of  an a d d i t i o n  o f  10  p e r -  
cen t  N i  t o  t h e  copper ma t r ix ,  and t h e  s t r e n g t h  da t a  show t h a t  t h e  
t e n s i l e  s t r e n g t h  was reduced from 250,000 t o  100,000 p s i .  I n  the 
same r e f e r e n c e ,  o t h e r  matrix a d d i t i v e s  damaged s t r e n g t h  a s  L i t t l e  a s  
1 0  pe rcen t ,  and some information was provided which i n d i c a t e d  t h a t  
f o r  t h e  c a s e  where tRe damage t o  t h e  f i b e r s  was seve re ,  it might be  
minimized by t h e  use  of an a d d i t i o n a l  a d d i t i v e .  
From t h e  known r e a c t i o n s  and s o l u b i l i t i e s  of  n i c k e l  and c o b a l t  
a l l o y  wi th  t h e  r e f r a c t o r y  meta ls ,  c o m p a t i b i l i t y  problems w i l l  be 
formidib le  and w i l l  almost c e r t a i n l y  r e s u l t  i n  lower s t r e n g t h  t h a n  
p red ic t ed  i n  F igure  3 .  There may be some c o u n t e r a c t i n g  f a c t o r s ,  
however. F igure  13  shows t h a t ,  from r e c e n t  d a t a  (ref. 3 ) ,  t h e  stress- 
r u p t u r e  s t r e n g t h s  of  wires a r e  b e t t e r  t h a n  comparable b a r  o r  shee t .  
3 
For example, i n  t h i s  f i g u r e  t h e  100-hour r u p t u r e  s t r e n g t h  a t  2200' F 
(1200° C) of  5-mil wire i s  33 percent  b e t t e r  t h a n  50-mil shee t ;  t h e  
tempera ture  advantage i n  t h i s  range is 135' F (75' C)! 
To d a t e ,  few da ta  have been a v a i l a b l e  from s t u d i e s  of r e i n -  
forcement of s u p e r a l l o y s  wi th  r e f r a c t o r y  m e t a l s  o r  f i b e r s .  F igure  5 
shows da ta  f o r  t ungs t en  wire  re inforcement  of Has ta i loy  X from Davies 
of  C l e v i t e  and f o r  t ungs t en  w i r e  re inforcement  of  another  n icke l -base  
a l l o y  from Glenny ( r e f .  4) 
Add i t iona l  s t u d i e s  a long  t h e s e  l i n e s  should prove p r o f i t a b l e .  
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